Introduction
The use of nutritional strategies to improve the composition and quality of food products of animal origin has emerged recently at the interface of animal science, food science and human nutrition. This new approach has been effectively used to alter product composition to be functional (i.e. health-promoting). For example, feeding broiler chickens with conjugated linoleic acid (CLA; 9c,12c-C18:2n-6 positional and geometric isomers), which health benefits have been already confirmed, is an effective way to obtain CLA-enriched poultry meat.
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reports suggest high biological activity of conjugated linolenic acid (CLnA 9c;12c,15c-C18:3n-3 positional and geometric isomers) found in different plant seeds. Five CLnA isomers at least have been found in nature: α-eleostearic acid (9c,11t,13t-C18:3n-3), catalpic acid (9c,11t,13c-C18:3n-3), calendic acid (9c,10t,12c-C18:3n-3), jacaric acid (8c,10t,12c-C18:3n-3) and punicic acid (9c,11t,13c-C18:3n-3) (Koba et al., 2007) . CLnA isomers have been attributed to exhibit several health benefits that are largely based on animal and in vitro studies (Boussetta et al., 2009; Hontecillas et al., 2009; Hennessy et al., 2011; Saha and Ghos, 2012; Yuan et al., 2014) .
Punicic acid is found in high amounts in pomegranate (Punica granatum L.) seed oil (PSO). It was stated that PSO reduced body weight gain, and leptin and insulin levels in pathogen-free mice (McFarlin et al., 2009) . It was also observed that PSO supplementation in diet improves glucose tolerance and suppresses obesity related inflammation (Hontecillas et al., 2009) . PSO was also shown to exhibit in vivo antioxidant and anti-inflammatory activities by limiting neutrophil-activation and lipid peroxidation (Melo et al., 2014) and it has been reported to promote epidermal tissue regeneration (Sassano et al., 2009) . Punicic acid from PSO also has a cytotoxic effect on a cultured human tumour cell. It can suppress colon and skin carcinogenesis in vivo and suppress proliferation, growth and invasion of human prostate and breast cancer cells (Kohno et al., 2004; Igarashi and Miyazawa, 2005; Yasui et al., 2005; Grossmann et al., 2010) .
In vitro mice, rat and human studies have shown that some CLnA isomers may be converted into CLA, whose health-promoting effects have been better characterized and reported in many previous studies. Conversion of CLnA into CLA was observed in rats fed jacaric acid (Tsuzuki et al., 2006) , and also in mice, rats (Koba et al., 2007; Yuan et al., 2009b,c) and humans fed punicic acid (Yuan et al., 2014) . In view of the above-mentioned healthrelated effects of conjugated fatty acids (CLA), it seems desirable to provide CLnA-and CLA-enriched products for human consumption.
However, the possibility of punicic acid of incorporation into various animal tissues has not been definitely confirmed yet (Nekooeian et al., 2014; Yuan et al., 2014) . It is possible, as in the case of dietary CLA, that diet supplementation with PSO and expected conversion of punicic acid into CLA in broilers may result in increasing n-6 PUFA level in broiler tissue lipids, and consequently, in the deterioration of the n-6/n-3 PUFA ratio. On the other hand, results of previous studies demonstrated that linseed oil (LO) is a good source of ALA and it can be successfully used for enriching poultry meat with n-3 fatty acids, and thus for obtaining more desirable ratio of n-6 to n-3 PUFA. The latter was clearly confirmed for amount of LO supplementation ranging from 1.25 to 5.5% of diet (Jankowski et al., 2012; Chen et al., 2014) .
Therefore, the aim of this study was to determine the possibilities of enriching poultry with punicic acid and CLA isomers by the addition of PSO and LO at the expense of rapeseed oil to the broiler chickens feed, which could improve n-6/n-3 PUFA ratio in the meat.
Material and methods

Birds, housing and feeding
The experiment was conducted at the Experimental Station of the National Research Institute of Animal Production in Balice. All experimental procedures were reviewed and approved by the 2 nd Local Ethics Committee for Animal Experimentation in Krakow. Four hundred feather-sexed one-dayold chickens (sex ratio 1:1) of a commercial strain Ross 308 were housed in electrically heated battery brooders. The temperature inside the building was maintained at 32 °C from day 1 to 5 and then gradually reduced to 22 °C until the end of rearing (42 day of life). The lighting cycle was set to provide 18 h of light and 6 h of dark per day. The chickens were randomly allocated to eight groups with equal number of males and females. There were five replications for each group, and each replicate cage contained 5 males and 5 females. During the pre-experimental phase (from day 1 to 21) all birds were given ad libitum access to a mash starter type diet based on maize, wheat and soyabean meal (22.3% CP and 12.5 MJ ME · kg -1 ). From 22 to 42 day of life the birds received ad libitum a grower type diet (Table 1) in which pomegranate seed oil (PSO) (58.83% punicic acid) and linseed oil (LO) (56.78% α-linolenic acid) were included at the expense of rapeseed oil. Eight dietary treatments consisting of four graded levels (0.0, 0.5, 1.0 and 1.5%) of PSO, with or without 2% addition of LO were tested (Table 2) . Fatty acid profile of treatment diets is given in Table 3 (as a percentage of the sum of fatty acids identified by analyses).
Measurements, sampling and calculations
The chickens were weighed by replicate cage at the 21 and 42 day of life after 4 h of feed deprivation. Body weight gain (BWG) was calculated for 22 -42 days rearing period, and feed intake was measured in order to calculate the feed conversion ratio (FCR).
At 42 day of life, 5 representative males and 5 females from each treatment were chosen and weighed after 12 h of feed deprivation. The birds were then stunned, slaughtered by cervical dislocation and exsanguinated. The carcasses were plucked, eviscerated, the head and feet were removed. Abdominal fat, breast and leg muscles, liver, gizzard and heart were excised and weighted. Carcass yield was calculated as the ratio of the eviscerated carcass mass to live body weight (LBW). The weights of the breast and leg muscles, abdominal fat, liver, gizzard and heart were also calculated in relation to LBW.
Samples of breast (pectoralis major and pectoralis minor) muscles from carcasses of all male chicken were stored frozen ( -25 °C) for the analysis of fatty acids profile.
Analytical methods
The total lipids in treatment diets and meat samples were extracted according to the method of Folch et al. (1957) . They were saponified (10 min, 75 °C) in 0.5 M KOH in methanol and then (Morrison and Smith, 1964) . Finally, fatty acid methyl esters were extracted with hexane and analysed on a Shimadzu 2010 gas chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with a RTX2330 fused silica capillary column (105 m length, 0.32 mm inner diameter, 0.20 µm film thickness; Restek Corp., Bellefonte, PA, USA). Fatty acid methyl esters were identified by comparison of their retention times with positional and geometric isomers according to the standards purchased from Sigma-Aldrich (St. Louis, MO, USA); the CLA and punicic acid reference standards were obtained from Larodan Fine Chemicals AB (Malmö, Sweden).
Statistical analysis
The replicate cage served as the experimental unit for growth performance indices (n = 5), and individual birds were the experimental units for statistical analysis of carcass characteristic (n = 10, both sexes) and fatty acids profile (n = 5, males) data. Statistical evaluation of all of the results was conducted with the Statistica ® 10.0 package (StatSoft Inc., 2010, Tulsa, OK, USA). The main effects of dietary treatments and their interactions were determined by two-way ANOVA. The effect of sex was included in the model when analysing postslaughter variables. For production data this was not possible since these results were cage means. If the probability value of F-tests was < 0.1, differences among main effect means were determined with the Duncan's post-hoc test and the level of significance was set at P < 0.01.
Results
Growth performance and post-slaughter indices
The average body weight of mixed-sex chickens before the initiation of the experimental period (21 day of life) was 602 ± 6 g. Over the experimental phase (22 -42 day), the body weight gain (BWG) of birds fed diets supplemented with increasing amounts of pomegranate seed oil (PSO) did not differ (Table 4) . Nevertheless, the feed conversion ratio (FCR) was better in the groups with 0.5, 1.0 and 1.5% PSO in relation to groups fed diets without PSO (P < 0.01).There were no significant effects of dietary LO on BWG and FCR.
Generally, no effects of dietary PSO and LO on broiler carcass characteristics were found; carcass yield, proportions of breast and leg muscles, and the liver, gizzard and heart relative weights did not differ among groups (Table 5 ). The only exception was abdominal fat percentage found to be higher (P < 0.05) in broilers fed diet with 1.5% PSO addition in comparison to groups fed diet with 0 and 0.5% PSO content. As it was expected, the abdominal fat deposition in females was significantly higher than in male chickens (P < 0.01). No significant interactions (PSO × LO) on growth performance and slaughter characteristics were detected.
Fatty acid profile of breast muscle lipids
Fatty acids compositions of breast muscles of male chickens, expressed as a percentage of total methyl esters of fatty acids, were significantly altered by increasing dietary PSO concentrations (Table 6 ). Increasing amounts of PSO in the diet caused a gradual rise in the deposition of CLA isomers (mainly 9c,11t-C18:2n-6) in muscle lipids, but punicic acid was not found. There were no statistical differences between treatments in the level of saturated fatty acids (SFA). The share of PUFA was significantly higher, and the share of monounsaturated fatty acids (MUFA) was lower (P < 0.01) in broilers treated with PSO at the 1.0 and 1.5% when compared to other dietary levels 0.0 and 0.5%. Among MUFA oleic (C18:1) acid deposition was decreased, and among PUFA eicosapentaenoic acid (EPA; C20:5n-3) was increased in all experimental treatments (P < 0.01), whereas the levels of arachidonic acid (C20:4n-6) and docosahexaenoic acid (DHA; C22:6n-3) were significantly increased in tissues from broilers fed diet with 1.0 and 1.5% PSO addition compared to group fed diet with 0.0 and 0.5% PSO content. Compared to the non-LO diets, the 2.0% LO in feed significantly increased ab -values with different superscripts within columns for each main effect separately differ significantly at P < 0.01 Table 3 ; abcd and xy -values with different superscripts ( abcd for PSO and xy for LO) within rows are significantly different at P < 0.01 total PUFA and decreased total MUFA proportions in the breast muscles. These changes resulted mainly from the rise in deposition of ALA, EPA, DHA, and from fall in the content of oleic acid. Higher level of n-3 fatty acids (ALA, DHA and EPA) in meat tissue improved n-6/n-3 PUFA ratio (P < 0.01). No significant differences were found in the average ratio of n-6 to n-3 PUFA for chickens fed diets with PSO addition. However, an interaction between the main effects of PSO and LO (P = 0.002) showed a clear improvement in n-6/n-3 PUFA ratio in the case of feeding 1.5% PSO diet enriched with LO. Significant PSO × LO interactions within the levels of individual fatty acids were observed. Namely, CLA isomers (9c,11t-and 9c,11c-C18:2n-6) were incorporated into breast lipids less efficiently in broiler chickens fed diets with simultaneous addition of PSO and LO compared to chickens fed PSO only. In contrast, feeding PSO with co-added LO resulted in a considerably higher incorporation of DHA and EPA into meat lipids than feeding of PSO or LO as separate supplements (Table 6 ).
Discussion
In the present study no significant differences were found in body weight gain of broilers fed pomegranate seed oil (PSO) at the chosen dietary levels. This confirms the results of Nekooeian et al. (2014) , who found that 200 or 600 mg · kg -1 PSO per day did not cause significant changes in the weight of diabetic rats. Yuan et al. (2009b) showed that diet supplemented with 1.0% conjugated linolenic acid (CLnA) isomers (α-eleostearic and/or punicic acid) fed for 6 weeks did not significantly affect the body mass of mice. In contrast, Chin et al. (1994) reported that conjugated linoleic acid (CLA) is a dietary factor enhancing rats growth. In the study of Arao et al. (2004) with obese, hyperlipidaemic Otsuka LongEvans Tokushima Fatty (OLETF) rats, dietary PSO reduced weight of omental white adipose tissues, but not that of abdominal white adipose tissue. Our study has shown a significant improvement in feed conversion ratio by the dietary PSO. In contrast, Szymczyk et al. (2001) found that feed conversion efficiency tended to decrease in chickens fed diets with increasing levels of CLA.
In this study we have confirmed that the dietary linseed oil (LO) did not affect 22 -42 days growth rate of chickens and their carcass yield. Similar effects of replacing maize or soyabean oils with LO in chicken diets were reported by Chen et al. (2014) and Crespo and Esteve-Garcia (2001) . Moreover, Jankowski et al. (2012) observed no difference in dressing percentage, and breast, thigh and drumstick muscle yield in turkeys fed diets with soyabean, rapeseed or linseed oils.
In the current study the punicic acid in the lipids from breast muscles of chickens fed diets with PSO addition was not detected, while the CLA isomers levels were significantly and dose-dependently higher in comparison to the non-PSO groups. These findings are in line with other reports (Kohno et al., 2004; Koba et al., 2007; Yuan et al., 2009c; Melo et al., 2014) . The data obtained by these authors suggest that punicic acid is slowly absorbed in the rat and mice intestine, but it can be converted into 9c,11t-C18:2n-6 in various tissues, e.g., liver, adipose, kidney and brain. Moreover, punicic acid can be incorporated into plasma and red blood cells, and partially metabolized into CLA in humans (Tsuzuki et al., 2006) . These authors found that punicic acid was incorporated into plasma (0.47% total fatty acids (FA)) and red blood cell membranes (RBCM) (0.37% total FA) in humans after supplementation with 3 g punicic acid per day for 28 days. The proportions of 9c,11t-C18:2n-6 in plasma and RBCM increased to 0.23 and 0.17%, respectively. The in vivo mechanism of punicic acid conversion into CLA is not clear. Some studies suggest that conjugated linolenic acid (CLnA) isomers may be converted into 9c,11t-C18:2n-6 via Δ13-saturation reaction (Tsuzuki et al., 2006; Yuan et al., 2009a) . However, the enzyme that catalyses the reaction of Δ13-saturation in animals and humans has not been identified yet. It was suggested that a nicotinamide adenine dinucleotide phosphate-dependent enzyme which is either a novel enzyme recognizing CLnA or the enzyme that is active in the leukotriene B4 reductive pathway could have carried this Δ13-saturation reaction in rats and mice (Tsuzuki et al., 2006; Yuan et al., 2009c) .
The present study showed no significant effect of dietary PSO and LO on saturated fatty acids (SFA) deposition in the meat of chickens. Similar effects for PSO were reported by Arao et al. (2004) in serum triacylglycerol in OLETF rats, and by Kohno et al. (2004) in rat livers. In contrast, Jankowski et al. (2012) showed that, in comparison to dietary soyabean oil, LO to decreases the SFA level in turkey breast muscles. On the other hand, feeding CLA to broiler chickens significantly increased the relative proportion of SFA in the meat (Szymczyk et. al., 2001 ).
In our experiment, the share of monounsaturated fatty acids (MUFA; mainly C18:1) in breast muscles decreased significantly due to presence of both PSO and LO in the diet. Similar results were reported for chickens fed diets with Camelina sativa oil (Pietras and Orczewska-Dudek, 2013 ) and for turkeys fed diets supplemented with linseed oil (Jankowski et al., 2012) . Kohno et al. (2004) showed that dietary CLA or CLnA from PSO reduced slightly, but not significantly, oleic acid level in rats livers. Also Szymczyk et al. (2001) showed that feeding CLA to chickens reduced MUFA level in the meat lipids. Most probably the significant reduction of oleic acid and the increase in stearic acid share in the breast muscles of chickens observed in the above mentioned experiment was related to n-3 PUFA and CLA inhibitory effect on the activity of Δ9-desaturase, an enzyme which is responsible for the conversion of stearic acid into oleic acid in the liver (Palmquist, 2009) .
In the present experiment we found that dietary linseed oil significantly increased n-3 PUFA (ALA, EPA and DHA) deposition in breast muscles.This confirms the results obtained in chickens and turkeys (Jankowski et al., 2012) . Also Pietras and Orczewska-Dudek (2013) found that Camelina sativa oil used in broiler diets as a source of ALA resulted in increased level of DHA and EPA in the breast muscle. The present study has also demonstrated that the concentration of EPA and DHA in the breast lipids of chickens is enhanced by the feeding of punicic acid. This phenomenon is probably due to the fact that chickens have the unusual ability to convert a small portion of dietary ALA to EPA, involving sequential Δ6-desaturation, chain elongation, and Δ5-desaturation. Subsequently, EPA is converted to DHA (Yuan et al., 2009b) . In the present study, total n-3 PUFA level was significantly increased in chickens fed LO and the n-6/n-3 PUFA ratio was significantly improved. Our results are consistent with those observed in turkeys fed LO (Jankowski et al., 2012) and in chickens fed Camelina sativa oil-supplemented diets (Pietras and Orczewska-Dudek, 2013) .
Conclusions
Feeding pomegranate seed oil (PSO) to broiler chickens results in a substantial incorporation of conjugated linoleic acid isomers into the breast meat lipids and gives a favourable shifts in fatty acid profile of these lipids, maintaining competitive production traits of meat. Linseed oil supplementation of the PSO-containing diets can additionally improve the n-6/n-3 polyunsaturated fatty acids ratio in chicken breast lipids.
